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ABSTRACT
The nature of the Triangulum-Andromeda (TriAnd) system has been debated since the discovery
of this distant, low-latitude Milky Way (MW) overdensity more than a decade ago. Explanations
for its origin are either as a halo substructure from the disruption of a dwarf galaxy or a distant
extension of the Galactic disk. We test these hypotheses using chemical abundances of a dozen
TriAnd members from the Sloan Digital Sky Survey’s 14th Data Release of Apache Point Observatory
Galactic Evolution Experiment (APOGEE) data to compare to APOGEE abundances of stars with
similar metallicity from both the Sagittarius (Sgr) dSph, and the outer MW disk. We find that TriAnd
stars are chemically distinct from Sgr across a variety of elements, (C+N), Mg, K, Ca, Mn, and Ni,
with a separation in [X/Fe] of about 0.1 to 0.4 dex depending on the element. Instead, the TriAnd
stars, with a median metallicity of about −0.8, exhibit chemical abundance ratios similar to those
of the lowest metallicity ([Fe/H] ∼ −0.7) stars in the outer Galactic disk, and are consistent with
expectations of extrapolated chemical gradients in the outer disk of the MW. These results suggest
that TriAnd is associated with the MW disk, and, therefore, that the disk extends to this overdensity
— i.e., past a Galactocentric radius of 24 kpc — albeit vertically perturbed about 7 kpc below the
nominal disk midplane in this region of the Galaxy.
Keywords: Galaxy: structure − Galaxy: evolution − Galaxy: disk − Galaxy: halo − stars: abun-
dances
crh7gs@virginia.edu
ar
X
iv
:1
80
5.
03
70
6v
1 
 [a
str
o-
ph
.G
A]
  9
 M
ay
 20
18
21. INTRODUCTION
Several overdensities discovered towards the outer disk
of the Milky Way (MW) have origins that are still
not understood, including “Triangulum-Andromeda”
(TriAnd, Majewski et al. 2004; Rocha-Pinto et al. 2004),
which is a low-latitude, distant (∼ 20 kpc), and kinemat-
ically cold (σLOS ∼ 25 km s−1) cloud of stars (Sheffield
et al. 2014). Theories to explain TriAnd’s observed
properties include that it (1) could be tidal debris from
a disrupted dwarf galaxy (Deason et al. 2014; Sheffield
et al. 2014), or (2) represents part of an extended and
perturbed MW disk, perhaps a trough in a series of
midplane oscillations (Price-Whelan et al. 2015; Xu et
al. 2015; Li et al. 2017). Recent simulations have illus-
trated that large, non-axisymmetric, vertical oscillations
can be excited in the outer disk due to the interaction of
the Sagittarius dwarf spheroidal galaxy (Sgr dSph) with
the MW; reproducing structures reminiscent of TriAnd
(and other overdensities; Laporte et al. 2017). These dif-
fering origin scenarios should impart different chemical
signatures to TriAnd stars. For example, if TriAnd is
the result of a perturbation to the outer Galactic disk,
its chemical abundance patterns should resemble that
of known outer disk stars, whereas tidal debris should
share the chemistry seen in dwarf galaxies.
To date, chemical studies of TriAnd have reached
differing conclusions about its origin. The first high-
resolution spectroscopic study of TriAnd stars by Chou
et al. (2011) focused on the elements Ti, Y, and La, and
found TriAnd had some chemical differences from MW
disk stars in the solar neighborhood, and suggested a
dwarf galaxy origin. On the other hand, recent study of
O, Na, Mg, Ti, Ba, and Eu abundance ratios in TriAnd
stars indicate that it is chemically consistent with the
MW disk rather than a dwarf galaxy (Bergemann et al.
2018). Further chemical study of TriAnd to resolve such
discrepancies is clearly warranted.
The Apache Point Observatory Galactic Evolution
Experiment (APOGEE, Majewski et al. 2017) provides
such an opportunity. APOGEE is a high-resolution
(R ∼ 22, 500) spectroscopic survey of Galactic stellar
populations with H-band sensitivity well-suited to the
exploration of highly extinguished low-latitude targets,
such as the TriAnd overdensity and the outer disk. Se-
lecting from the ∼263,000 stars observed with the SDSS
2.5-m telescope (Gunn et al. 2006) and analyzed by
APOGEE in the 14th Data Release (DR14, Abolfathi
et al. 2018) of the Sloan Digital Sky Survey-IV (SDSS-
IV, Blanton et al. 2017), we use the abundances of six
APOGEE-measured elements to compare TriAnd red gi-
ants to outer disk and Sgr dSph stars, and demonstrate
that the TriAnd chemistry is more consistent with an ex-
trapolation of outer MW disk chemical gradients than
the abundance patterns of a prototypical dwarf galaxy
of similar enrichment.
2. DATA
Details of the APOGEE survey and data reduction
pipeline can be found in Majewski et al. (2017) and
Nidever et al. (2015), respectively. Here we use the
SDSS-IV DR14 calibrated stellar parameters and chem-
ical abundances derived from the APOGEE Stellar Pa-
rameter and Chemical Abundance Pipeline (ASPCAP;
Garc´ıa Pe´rez et al. 2016). To insure that we are con-
sidering the most reliably determined stellar param-
eters, we remove stars flagged1 with the starflags
bad pixels, very bright neighbor, or low snr set,
or any stars with the aspcapflags, rotation warn or
star bad. We also restrict analysis to stars with small
visit-to-visit velocity scatter, Vscatter ≤ 1 km s−1, low
velocity uncertainty, Verr ≤ 0.2 km s−1, and S/N > 80,
to remove stars whose ASPCAP-analyzed spectra may
be of lower quality. Finally, we focus on stars in effective
temperature ranges, between 3700 K and 5500 K, where
stellar parameters and chemical abundances are reliably
and consistently determined.
In this high-quality sample, we have 12 M giants that
were identified by Sheffield et al. (2014) as TriAnd mem-
bers from their photometry and cold kinematics (σ ∼ 25
km s−1) and were deliberately targeted in APOGEE-2
(Zasowski et al. 2017). The APOGEE-measured prop-
erties of these TriAnd stars are given in Table 1. Several
studies have suggested that TriAnd may separate into
two features, TriAnd1 and TriAnd2, that coincide on the
sky but lie at photometrically determined heliocentric
distances ∼ 20 kpc and ∼ 28 kpc, respectively (Martin
et al. 2007). However, since these features were shown to
overlap considerably in spectrophotometric distance, ra-
dial velocity, and metallicity (Sheffield et al. 2014), and
we only have two stars classified as TriAnd2 members,
we treat them here as a single overdensity. For a com-
parison, we use Sgr dSph because this dwarf galaxy is
sufficiently enriched to have a considerable M giant pop-
ulation, like TriAnd. To do so, we use a set of 69 Sgr
dSph members confirmed by Hasselquist et al. (2017)
and satisfy our quality criteria.
1 A description of these flags can be found in the on-
line SDSS DR14 bitmask documentation (http://www.sdss.org/
dr14/algorithms/bitmasks/)
3Table 1. Properties of TriAnd Stars
Column Column Label Column Description Column Column Label Column Description
1 APOGEE APOGEE Star ID 17 Vturb Microturbulent velocity (km s−1)
2 RAdeg Right Ascension (decimal degrees) 18 Vmacro Macroturbulent velocity (km s−1)
3 DEdeg Declination (decimal degrees) 19 [Fe/H] Log abundance, [Fe/H]
4 GLON Galactic Longitude (decimal degrees) 20 e [Fe/H] Uncertainty in [Fe/H]
5 GLAT Galactic Latitude (decimal degrees) 21 [CN/Fe] Log abundance, [(C+N)/Fe]
6 Jmag 2MASS J magnitude 22 e [CN/Fe] Uncertainty in [(C+N)/Fe]
7 Hmag 2MASS H magnitude 23 [Mg/Fe] Log abundance, [Mg/Fe]
8 Kmag 2MASS Ks magnitude 24 e [Mg/Fe] Uncertainty on [Mg/Fe]
9 Dist Heliocentric distance (kpc) 25 [K/Fe] Log abundance, [K/Fe]
10 e Dist Uncertainty in distance (kpc) 26 e [K/Fe] Uncertainty on [K/Fe]
11 HRV Heliocentric radial velocity (km s−1) 27 [Ca/Fe] Log abundance, [Ca/Fe]
12 e HRV Radial velocity uncertainty (km s−1) 28 e [Ca/Fe] Uncertainty on [Ca/Fe]
13 Teff Effective surface temperature (K) 29 [Mn/Fe] Log abundance, [Mn/Fe]
14 e Teff Uncertainty in Teff (K) 30 e [Mn/Fe] Uncertainty on [Mn/Fe]
15 logg Surface gravity 31 [Ni/Fe] Log abundance, [Ni/Fe]
16 e logg Uncertainty in log g 32 e [Ni/Fe] Uncertainty on [Ni/Fe]
Note—Table 1 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and
content.
Note—Null entries are given values of -9999.
We also compile a representative comparison sam-
ple of outer disk stars from APOGEE. To do so, we
use spectrophotometric distances calculated by Queiroz
et al. (2018) using DR14 ASPCAP stellar parame-
ters and their Bayesian StarHorse code. Because not
all of these distances are reliable, we only use stars
that are not flagged with high extinction warn,
nummodels bad, or extinction bad bright2mass,
which may have erroneous distance estimates due to
poor extinction corrections or lack available stellar mod-
els to determine a reliable distance. Because we will de-
termine metallicity and chemical gradients in the outer
disk to compare to the chemistry of TriAnd stars, we also
want stars with relatively accurate StarHorse distances,
and remove stars with σd > 0.5 kpc on their posterior
distance distribution. These distances are converted to
Galactocentric coordinates assuming RGC, = 8 kpc,
and the Galactic distribution of these APOGEE stars
is shown in Figure 1, along with the TriAnd stars
with StarHorse distances. Finally, we form our “outer
disk sample” from this high-quality set of MW stars
by selecting those with cylindrical Galactocentric radii
RGC > 9 kpc and midplane distances |Z| < 1.0 kpc.
3. RESULTS AND ANALYSIS
Using the reliable spectrophotometric distances from
StarHorse, our TriAnd sample (with median distance
uncertainties of 2 kpc) is centered at a median distance
of ∼18 kpc with a 1σ spread of 4 kpc. This is con-
sistent with past distances found for TriAnd, e.g., the
18.2 kpc distance (Sheffield et al. 2014) used to select
the “TriAnd1” members that dominate our sample here.
This puts the TriAnd sample at a median Galactocen-
tric radius of ∼24 kpc (1-σR spread of 4 kpc) and below
the disk by ∼7 kpc (1-σZ spread of 1 kpc).
While a few of the TriAnd stars do not have re-
liable spectrophotometric distances from StarHorse,
they were selected by Sheffield et al. (2014) in color-
magnitude to fall along the red giant branches of
8 Gyr/10 Gyr −0.8/−1.0 metallicity isochrones at
heliocentric distances around 18.2 kpc/27.5 kpc for
TriAnd1/TriAnd2. Figure 2 shows that TriAnd stars
have effective temperatures and surface gravities of cool
red giants, supporting the isochrone-based distances
used by Sheffield et al. (2014).
As shown below, we can perform a more robust anal-
ysis by comparing to a large sample of outer disk stars
spanning a considerable range of Galactocentric radii.
To achieve this, we have not restricted the outer disk
sample to cover the Teff and log g range of the TriAnd
and Sgr dSph samples. However, to ensure that this
does not affect our chemical abundance comparison, we
examined the abundance distributions of relevant chem-
ical elements for outer disk stars warmer and cooler than
4250 K to verify that there were no significant differences
in their abundance patterns at a level that affects our
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Figure 1. Spatial distribution of the high-quality APOGEE stars (before outer disk selection, black points) and TriAnd stars
(gold circles), showing the reported 1σ distance uncertainty for the TriAnd stars. (left) Stellar distribution projected onto the
Galactic plane. (right) Distribution azimuthally collapsed onto the cylindrical RGC-ZGC plane.
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Figure 2. Spectroscopic HR diagram of APOGEE-derived
log g versus Teff for the outer disk (black points with a 2D
histogram where densely populated), TriAnd (gold circles),
and Sgr dSph (cyan diamonds) samples.
conclusions about TriAnd. Because our TriAnd and Sgr
dSph samples cover nearly the same stellar parameter
space, their comparison should be even more robustly
reliable.
Despite its large size (21,868 stars), our APOGEE-
based disk sample (targeted to minimize selection bi-
ases; Zasowski et al. 2013, 2017) does not extend to
the distance of the TriAnd stars and has few stars be-
yond RGC > 15 kpc. However, if the abundances of
Galactic disk stars follow relatively well-behaved radial
metallicity and chemical gradients, we can extrapolate
those trends to establish the abundances expected for
the disk at the distance of TriAnd. To illustrate this,
Figure 3 shows the [Mg/Fe]-[Fe/H] plane for outer disk
stars with [Mg/Fe] and [Fe/H] uncertainties less than 0.1
dex, subdivided into samples lying within 1 kpc wide an-
nuli spanning Galactocentric radii from RGC = 9 kpc to
15 kpc. Within each annulus we calculate the median
abundance of the outer disk sample, and can see that
there are clear trends in both [Fe/H] and [Mg/Fe] with
Galactocentric radius.
Figure 3 strikingly demonstrates that the [Mg/Fe]-
[Fe/H] distribution for TriAnd stars occupies a region
of this parameter space consistent with a metal-poor
extrapolation of the outer disk trend to larger radius.
Moreover, the TriAnd stars are enhanced in [Mg/Fe] rel-
ative to Sgr dSph stars of similar metallicity.
APOGEE enables similar comparisons of these sam-
ples in multiple chemical dimensions. Figure 4 presents
the chemical abundance distributions of the TriAnd,
outer disk, and Sgr dSph samples (showing only stars
with both σ[X/Fe] and σ[Fe/H] < 0.1 dex) for a set of
elements are formed in a variety of nucleosynthetic pro-
cesses: the α-elements Mg and Ca, the odd-Z element
K, the iron-peak elements Mn and Ni, and the sum of
C and N (surface abundances of C and N are altered
during dredge-up and mixing in red giants, but their
sum is effectively conserved; see Martig et al. 2016, and
references therein). This subset of APOGEE-measured
elements were specifically chosen because they do not ex-
hibit different abundance trends in warm and cool outer
disk stars, and are measured with low uncertainties.
In these other chemical planes, as in Figure 3, the
TriAnd stars tend to overlap and extend the sequence
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Figure 3. The [Mg/Fe]-[Fe/H] distributions in 1 kpc wide Galactocentric annular bins for the outer disk (black points, with
increasing Galactocentric radius from the top left to the bottom right), TriAnd (gold circles) and Sgr dSph (cyan diamonds)
samples. The median in each outer disk annulus has been marked with a cross, colored chromatically from dark red to orange
for the innermost to the outermost annuli, with the medians in other annuli shown as smaller crosses of their respective colors.
The plotted error bars show the median internal abundance uncertainties in 0.5 dex wide metallicity bins.
of the outer disk stars at metallicities of [Fe/H] ∼−0.7.
Moreover, the radial gradient of the outer disk, as mea-
sured by the median chemistry in 1 kpc annular rings
(also as in Figure 3), approaches the chemical abun-
dances of TriAnd stars at increasing radii. We can ex-
trapolate these trends to the distance of TriAnd to es-
timate the expected abundances for outer disk stars at
that location. While the shape of the [X/Fe]-[Fe/H] dis-
tribution of the outer disk sample is complex within each
annulus, as seen in Figure 3, the median chemistry of the
distributions varies roughly linearly with Galactocentric
radius. Thus, we fit the annular median abundances lin-
early in Galactocentric radius to find a metallicity gra-
dient of ∂[Fe/H]/∂RGC = −0.051±0.005 dex kpc−1 and
∂[X/Fe]/∂RGC gradients for ((C+N), Mg, K, Ca, Mn,
Ni) = (0.002±0.001, 0.006±0.001, 0.005±0.001, 0.009±
0.001, −0.001± 0.001, 0.003± 0.002) dex kpc−1.
4. DISCUSSION
Figure 4 demonstrates that, when extrapolated to the
distance of TriAnd, the outer disk chemistry generally
matches that of the TriAnd stars, which suggests that
they are associated. For [Ca/Fe] the predicted median
disk chemistry lies at the edge of the TriAnd distribu-
tion, which appears to indicate that a linear extrapola-
tion of the disk Ca gradient may not be appropriate. We
note that the flattening of the [Ca/Fe] trend in the outer
disk at the largest radii seems astrophysically significant,
and in comparison with the nearly constant gradient in
the lower mass alpha-element, Mg, may be reflecting ra-
dial or time variations in the initial mass function or
star formation history of the disk.
In contrast to the agreement with radial extrapola-
tions of outer disk chemistry, the abundance patterns
of the TriAnd stars are distinct from those of Sgr dSph
stars, despite their similar metallicities. If the Sgr dSph
is representative of the chemistry of relatively enriched
tidal debris falling into the MW, then the chemical dif-
ferences between TriAnd and Sgr dSph supports the no-
tion that TriAnd is not tidal debris, at least from this
type of dwarf galaxy. Another example of a relatively
enriched dwarf galaxy is the Large Magellanic Cloud
(LMC). While the α-element abundances of the LMC
overlap some with the metal-poor stars in the thin disk
(and thus with TriAnd), the LMC exhibits low Ni abun-
dances, with [Ni/Fe] ∼ −0.2 (Van der Swaelmen et al.
2013), about 0.3 dex lower than the [Ni/Fe] ratios found
here in TriAnd stars. Thus, the LMC provides another
example of a dwarf galaxy with distinct chemistry from
TriAnd.
What about other potentially major accretion
sources? Studies of metal-poor stars have uncovered two
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Figure 4. [X/Fe] (for (C+N), Mg, K, Ca, Mn, and Ni) versus [Fe/H] for the outer disk, TriAnd, and Sgr dSph samples (with
colors and symbols as in Figure 2). The medians of the outer disk sample in 1 kpc wide Galactocentric annuli are plotted as
crosses, colored according to Galactocentric radius, as in Figure 3. Linear parametric fits to [X/Fe]-[Fe/H] medians from RGC
of 9 kpc to 15 kpc as a function of RGC are shown (gray lines) and extrapolated out to 30 kpc, with RGC = 24 kpc (the median
Galactocentric radius of our TriAnd sample) marked as a gold cross. Typical uncertainties are shown as in Figure 3.
7chemically distinct populations in the MW (e.g., Nis-
sen & Schuster 2010; Hawkins et al. 2015; Hayes et al.
2018). These two populations are (using the definitions
from Hayes et al. 2018; Ferna´ndez-Alvar et al. 2018)
a “low-magnesium” halo population, thought to be ac-
creted satellite galaxy debris, and a “high-magnesium”
population, which continues the chemical trends of the
thick disk and has the chemistry expected of the classi-
cal halo. The [X/Fe] ratios of TriAnd stars in (C+N),
K, Mn, and Ni are 0.2-0.4 dex higher than the popula-
tion of MW field stars thought to be accreted halo stars,
and are also differentiated from the more classical halo
population (and thick disk), which have high α-element
abundances.
The results here are in agreement with those of Berge-
mann et al. (2018), who argue for an association of
TriAnd with the MW disk based on O, Na, Mg, Ti, Ba,
and Eu abundances of eight TriAnd stars2 compared to
MW, Fornax dSph, and Sgr dSph star samples. How-
ever, our conclusions are at odds with those reached by
Chou et al. (2011), who proposed that TriAnd is more
likely to be debris from a disrupted dwarf galaxy.
Chou et al. (2011) found a mean [Ti/Fe] ratio in their
TriAnd sample of six stars (none of which overlap the
Bergemann et al. sample or ours) about 0.2 dex lower
than in Sgr dSph stars, and significantly lower than for
their sample of MW stars from the solar neighborhood.
These findings led to the original conclusion that TriAnd
enriched slower than either population, consistent with
expectations for a slowly enriching dwarf galaxy. How-
ever, this conclusion was largely drawn because half
(three) of the stars in the Chou et al. TriAnd sample
had [Ti/Fe] ∼ 0.5 dex lower than their MW comparison
sample despite (a) the remainder of their sample having
[Ti/Fe] ratios consistent with the MW disk sample, and
(b) Chou et al. finding their TriAnd sample to have s-
process abundances in La and Y consistent with their
MW disk trend. Unfortunately Ti abundances cannot
be reliably measured by ASPCAP currently (Hawkins et
al. 2016; Souto et al. 2016), and we cannot study TriAnd
Ti abundances here.
Given the disk-like α-element abundances found for
TriAnd stars by Bergemann et al. (2018, including disk-
like Ti abundances), and those found for our TriAnd
sample here, it seems that the lower [Ti/Fe] ratios found
by Chou et al. (2011) may not be representative of the
α-element abundances of TriAnd as a whole. Instead,
the apparently considerably lower [Ti/Fe] in three Chou
2 We have two stars in common with Bergemann et al., and the
derived properties agree between the two studies within uncertain-
ties and offsets of a typical size observed between APOGEE and
optical studies (Jo¨nnson et al. 2018).
et al. (2011) stars relative to the disk may be due to
a variety of causes, including random measurement er-
rors, systematic offsets between their TriAnd [Ti/Fe]
and their adopted disk chemistries from the literature,
or small number statistics drawing from a TriAnd pop-
ulation with a potentially large intrinsic scatter in Ti
abundances. Reconsidering that the Y, La and half of
the Ti abundances in the Chou et al. sample are con-
sistent with MW disk abundance patterns, their results
could be reinterpreted as supporting a disk origin.
In summary, we find that TriAnd is chemically distinct
from the Sgr dSph, having [X/Fe] ∼ 0.1−0.4 dex higher
in (C+N), Mg, K, Ca, Mn, and Ni, and is also distinct
from the LMC in its Ni abundances, having [Ni/Fe] ∼
0.3 dex higher than the LMC stars observed by Van der
Swaelmen et al. (2013). On the other hand, while our
TriAnd stars are typically more metal-poor ([Fe/H] ∼
−0.8) than most outer disk stars sampled by APOGEE,
TriAnd does appear to overlap in chemical space with
the lowest metallicity stars ([Fe/H] ∼ −0.7) known to
lie in the outer regions of the disk. Moreover, linear
extrapolation of each of the chemical gradients measured
in the APOGEE outer disk sample to the Galactocentric
radii of the TriAnd stars predicts abundances similar
to those found in our TriAnd sample. These results
support the proposition that TriAnd is associated with
the outer disk of the MW and, if so, its large distance
from the midplane (∼ 7 kpc) may be the result of a
perturbation to the MW disk (as in Laporte et al. 2017).
If the TriAnd overdensity is indeed a feature of the
MW disk, then that would imply that the disk extends
to radii & 24 kpc (i.e., the Galactocentric radius of our
TriAnd sample), as suggested by Lopez-Corredoira et
al. (2018). By inference, this greater MW disk would
extend through the radii occupied by other Galactic an-
ticenter overdensities (such as the Monoceros Ring) and
lend greater weight to the notion that they, too, are
parts of the MW disk.
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